As a result, a research program was initiated in 1995 with team members consisting of Southwest Research Institute, Allied Signal, Rolls-Royce Allison, General Electric, and Pratt & Whitney. These organizations formed a steering committee that provided guidance on program content, priorities and direction.
Introduction
As a result of the accident at Sioux City, Iowa in 1989, the FAA requested in 1991 that industry, through the Aerospace Industries Association, review available techniques to determine whether a damage tolerance approach could be introduced to reduce the rate of uncontained rotor events. The industry working group concluded that additional enhancements to the conventional rotor life management methodology could be established which explicitly address anomalous conditions. The purpose of this paper is to describe several recent enhancements to DARWIN that ensure risk convergence and substantially reduce the total engineering time needed to reach convergence.
Methodology Overview

DARWIN
TM (Design Assessment of Reliability With INspection) integrates a graphical user interface, finite element stress analysis results, fracture-mechanicsbased life assessment for low-cycle fatigue, material anomaly data, probability of anomaly detection, and inspection schedules to determine the probability-offracture of a rotor disk as a function of operating cycles with and without inspections. The program also indicates the relative likelihood of failure of the disk regions.
This "zone-based" system reliability methodology accounts for:
• the probability of having an anomaly in the disk, • the possibility that a hard alpha anomaly developed during the titanium melt process could be in any location of the disk, DARWIN TM is designed to provide an easy-to-use and accurate vehicle for engineers to compute the probability-of-fracture of a rotor disk with and without inspection. 3 The data requirements for DARWIN TM are summarized in Table 1 below. A library of industrydeveloped inputs are provided for anomaly distributions, probability of detection curves and fatigue crack growth material properties.
• the initial size distribution of the anomaly, • randomness in the time of inspection time, probability of detection, finite element stresses and fracture mechanics analysis, • the probability-of-fracture if an anomaly exists, • the probability of detecting an anomaly before the disk has fractured. Table 1 . Data Requirements for DARWIN TM The methodology assumes, at most, only one significant anomaly exists in the disk (the probability of two or more anomalies in a disk is negligible) 4, 5 . Based on this assumption, the probability-of-fracture of the zones can be assumed as mutually exclusive independent events. The probability-of-fracture of the disk can be obtained from the equation 
The integration of the technologies utilized by DARWIN TM to compute the probability of fracture per flight are shown in Figure 1 .
where the last approximate equality occurs because is small. indicates fracture of an initial defect located in zone , indicates the probability-of-fracture of an initial defect located zone , and is the total number of zones.
Metallurgical defects may be randomly distributed within a disk, and, therefore, a zone-based risk integration approach is used to account for the uncertainty of location. A zone is a grouping of material such that all sub-regions in the zone have a generally uniform stress state, and the same fatigue crack growth properties, inspection schedules, probability of detection curves, and anomaly distribution. In other words, the risk computed for any sub-region of material of the zone will be the same (or nearly so); and, therefore, the subregions are grouped into a zone. Thus, the disk cross section is divided into a manageable number of zones of approximately equal risk using the finite element mesh and stress results as the framework for the zone discretization. Figure 2 shows an impeller model divided into risk zones.
The probability-of-fracture of a zone, i.e., requires an anomaly be present and grow to failure. This can be represented as
where is the probability of having an anomaly in zone and is the probability-of-fracture given an anomaly in zone i . 
. Overview of DARWIN Technical Components
The conditional probability is computed using probabilistic fracture-mechanics-based life assessment for low-cycle fatigue. Probabilistic solution methods (Monte Carlo sampling or Importance sampling) are used to quantify the probability-offracture of a zone assuming an anomaly exists. The probability of fracture of a zone (without inspection) is computed using Eq. 2. The probability-of-fracture with inspection is also computed based on anomaly detection and removal calculations
The random variables considered by DARWIN TM are shown in Table 2 . The anomaly distribution defines the probability of having an anomaly and the size distribution of the anomalies 6 . Variations in time of inspection, in terms of cycles, is used to model real world uncertainties in the inspection of a fleet of engines. The probability of detection defines the expected probability of detecting an anomaly as a function of anomaly size. Variations in finite element stress results are simulated using a multiplier that can be considered random, i.e., σ = σ(FE)*S, where σ(FE) are the stresses obtained from the finite element analysis and S is a random variable modeled with a lognormal distribution.
A life scatter factor is implemented to consider variations in predicted cyclesto-failure, i.e., N = N(FM) * B, where N(FM) is the predicted cycles-to-failure from fracture mechanics analysis and B is a random variable modeled with a lognormal distribution. A convergent zone refinement methodology
The risk solution obtained from the zone-based methodology is dependent upon the discretization of the risk zones (i.e., size and number of zones). The methodology does, however, require that the flaw be placed in the life limiting location of the zone. The calculated risk is, therefore, greater for coarse discretizations compared to fine zone discretizations. In other words, the risk should be reduced as the number of zones is increased.
A methodology has been developed that will provide a converged risk solution. The features of the algorithm are shown in Table 3 .
Table 3. Zone Refinement Methodology Characteristics
•
The detailed zone refinement methodology is shown below in Table 4 . Steps 3-8 are repeated as necessary. Identification of the zones requiring refinement (Step 4 in Table 4 ) is a key ingredient to the zone refinement algorithm. The Risk Contribution Factor (RCF) for a zone indicates the risk contribution of the zone relative to the risk of the disk. If the RCF for a zone is large, then that zone is a significant contributor and should be subdivided into smaller zones. Through this approach, critical zones are refined until all zones have an RCF less than a limiting value (e.g., 2%) or some other exit criterion is reached (see Step 2 in Table 4 ). Note, each zone has a separate RCF for analyses with and without inspections which may not be the same. As a result, the largest RCF value from the with and without inspections results is typically used.
In Figure 2 , zones with an RCF greater than 5% are highlighted in red. These zones are candidates for zone refinement as described in Step 5 of Table 4 and discussed below. The user can easily change the RCF threshold value.
The procedure to refine a zone is to first subdivide the cross-sectional area. This is shown schematically in Figure 3 . The original area is broken into fourths (sometimes thirds depending upon the geometry) about the stress centroid of the zone using the local coordinates of the plate.
Figure 2. Selection of Zones to Refine using Risk Contribution Factors Figure 3. Schematic of Zone Subdivision
Next, the flaw location must be specified for each zone. For the parent zone, the flaw is by definition located in the life limiting location. For the new zone, the flaw location is approximated as the geometrically closest point to the flaw location in the parent zone. Sometimes this location may not be the life limiting location of the zone. In that case, the user is free to relocate the flaw as necessary. The location of the flaw for a new zone is shown in the right graphic in Figure 3 for the upper rightmost zone.
Next, a rectangular plate must be defined for the fracture mechanics solutions. The procedure is to:
1. Use same plate as parent zone (assuming the new crack is inside existing plate), and keep the same gradient direction. 
Computational Issues
After subdivision of selected zones, the model is reanalyzed to determine the updated risk and RCFs. Several, if not many, of the zones will not have been altered, and, therefore, have the same risk value as before. DARWIN TM develops a results database to accommodate this situation. A database is used to store the results from any preceding analysis and this file may be input to DARWIN TM for subsequent runs. For each zone, DARWIN TM scans the database for a matching zone. If a match is found, the results are retrieved and analysis proceeds to the next zone. This capability provides a large reduction in computer time versus rerunning all zones. This is demonstrated in the example problem below.
Numerical Example
An impeller model is used to demonstrate the steps of the algorithm. The three dimensional model is shown in Figure 4 . The finite element (FE) mesh is used as a guideline for determining zone boundaries. However, situations may arise where the FE mesh is too coarse for the risk assessment. This may occur, for example, near surfaces where there is little or no stress gradient but a significant risk gradient.
For these situations, DARWIN TM provides an "element refinement" option that can be used to repeatedly subdivide the FE mesh. DARWIN TM will interpolate the stresses on the refined mesh. Figure 7 shows an example of element subdivision of a highly stressed region near the surface. The user can select any group of elements for subdivision. 
DARWIN
TM has been extended by the addition of a zone refinement methodology and capabilities such that a converged risk solution may be obtained efficiently and accurately. The methodology is robust, simple to understand, will converge to the correct solution, is only weakly dependent on the initial zone breakup, and not be dependent on the experience of the user.
Figure 7. Example of Element Subdivision
The FAA Advisory Circular 8 states that a 20 mil layer, e.g., onion skin, of material be associated with surface flaws. However, the FE mesh was most likely developed without the requirement in mind. Therefore, DARWIN TM provides a means to automatically create a layer of elements of the specified thickness. Figure 8 shows an example of onion skinning.
